Within the growth zone, salt-affected leaves of sorghum (Sorghum bicolor) had narrower protoxylem and metaxylem cells than controls. Leaf width and cross-sectional area were also reduced, so that the salt treatment had no effect on the area of protoxylem per area of leaf cross section. Dye uptake studies suggested that in controls most of the veins, but in salt-affected leaves only half of the veins, are functional in water transport. Volumetric water flow was greatly diminished in the salt-affected plants. The reduced flow rate was largely explained by the salt-induced decrease in leaf surface area. Some decreases in flow rates per unit leaf mass or area were also produced by salinity, particularly in late developmental stages. Not surprisingly, leaf conductance measured with a diffusion porometer did not appear to be correlated with the diameter of the protoxylem or metaxylem elements. By contrast, published values of water deposition rates are strongly related to the size of the protoxylem elements : the rates of water deposition into the growing leaf tissue are proportional to the square of the protoxylem radius. Thus environmentally produced change of the hydraulic architecture of monocot leaves may cause change in local growth rates.

Worldwide, effects of salinity on plant development are increasingly problematic for irrigated crops. Sorghum, a moderately salt-tolerant species, shows decreased growth rates and changes in spatial patterns of nutrient deposition in NaCl-affected leaves (Bernstein et al., 1993 (Bernstein et al., , 1995 . The local rates of water deposition associated with leaf growth are reduced by salinity. And salinity reduces tissue content and deposition rates of calcium, an element thought to move primarily in the transpiration stream.
In this paper we explore some aspects of hydraulic architecture that might be related to transpiration and also to water use during growth. Our basic premise follows the classical work of Sharman (1942) and Esau (1953) who concluded that protoxylem vessels supply water to expanding monocot leaves. The protoxylem becomes occluded during leaf expansion, while metaxylem vessels mature after cessation of tissue expansion and conduct large volumes of water into the mature leaves during transpiration.
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In recent years considerable attention has been focussed on the development of conducting tissue in monocot leaves. A great deal has been learned about the ontogeny of anatomy. Dengler and colleagues have delineated the development of bundle sheath cells in C $ and C % species (Dengler et al., 1994) , while Evert and colleagues have described the development of the vascular system in barley leaves (Trivett & Evert, 1998) . Tomos and colleagues have shown that there is considerable cell-to-cell variation in the patterns of water and ion relations (Fricke et al., 1995) . Early reports in the literature indicate that salinity causes the development of xylem elements with decreased diameter (Hayward & Long, 1941) . Here, we asked whether salt-induced changes in metaxylem diameter affect transpiration rate, and whether changes in protoxylem diameter affect water deposition rates into growing tissue. We measured the effects of salinity on number and width of xylem elements in growth zones of salt-affected sorghum leaves, and water flow rates and stomatal conductance of salt affected and control plants. We then compared previously published effects of salt on deposition rates of water to the effects on the xylem element radius shown here. Finally, we sought a power law to describe the dependence of water deposition rates (associated with the local growth rates) on protoxylem radius.
  

Plant material and growth conditions
Seeds of sorghum (Sorghum bicolor (L.) Moench, cv. NK 265) were germinated and seedlings were cultivated as previously described (Bernstein et al., 1993) . As in the earlier experiments, plants were grown in modified half-strength Hoagland's solution, with iron supplied as 50 µM Fe-EDTA plus 20 µM Fe(NH % SO % ) and the control Na level elevated to 1 mM, while pH was maintained at 5n7. Humidity was 65% during the light period ; the photon flux was 450 µmol m −# s −" ; temperature was 28mC at the base of the leaves (the growth zone). Eight days after germination, sodium chloride was added to make 25 mol m −$ saline treatments. At this time leaf 4 had not yet emerged from the whorl of enclosing older leaf sheaths ; and leaf 6, if visible as a primordium, had not yet begun rapid elongation. Then for three consecutive days sodium chloride concentration was increased until the desired concentration of 100 mol m −$ was reached, 11 d after germination.
Flow, transpiration, and conductance rates
Water flow through plants (as g water per plant per day) was calculated by weighing cultivation flasks before and after 48 h of undisturbed growth. To assess the effect of the plant architecture produced by 10 d of treatment, on day 18 some salinized plants were placed in control medium for 48 h ; and some control plants were placed in saline medium for 48 h. To obtain transpiration rates (gravimetric flow rates per unit leaf mass or leaf surface area), a separate set of plants was destructively harvested at 2-d intervals to obtain average fresh weight and surface area of leaves for the different treatments over time. Abaxial stomatal conductance was measured with a steadystate diffusion porometer designed and built by T. Hsiao (Puech-Suanzes et al., 1989) . Measurements were made near the centre of the lamina on unshaded leaves held 88 cm from the overhead light source.
Anatomy
Leaf 6 was selected for anatomical analysis because it had not yet begun to elongate visibly when the salt treatment was initiated. Leaves were harvested when the leaf tip had emerged at least 20 mm (salt-affected plants) or 30 mm (controls) above the ensheathing base of the older leaves. Leaves of the treated and control plants were the same chronological age. Leaves of control plants were elongating more rapidly than those of treated plants, but all sampled leaves were elongating linearly with time. Since salt changes the rates of some developmental processes, some developmental effects might be included in the apparent differences between treatments.
We avoided harvesting those plants with leaves that had torn during development in the saline treatment. Older leaves were removed, and the younger leaf bases were cut into three sections with excision at 13, 25 and 35 mm from the base of leaf 6. The 13-mm location was chosen because the relative elemental growth rate is maximal at 13 mm from the leaf base in both salt-affected and control leaves elongating at a constant rate (Bernstein et al., 1995) . For paraffin sectioning the leaf material was fixed in chromic acid : acetic acid : formaldehyde (Craf III) for 48 h (Sass, 1958) and then dehydrated in a graded tertiary-butanol series followed by infiltration and embedding in Paraplast Plus paraffin. The embedded material was sectioned on a rotary microtome producing 10-µm-thick sections. The sectioned material was stained with safranin and fast green (Johansen, 1940) . Five plants were sectioned from each treatment, and all the measurements were repeated on a second set of plants grown at a different time.
Functionality of xylem bundles
An aqueous solution of eosin has been used to visualize the path of water movement through plants (Eichhorn et al., 1986) , and also to stain cellular cytoplasm (Sass, 1958) . Therefore eosin was used to determine whether water transport occurred primarily through protoxylem elements. Sorghum shoots were excised at the root-shoot junction, and the base of the stem was placed in 1 ml of eosin (50 g l −" ) for 15 min (preliminary observations suggested that the dye solution spread through the cut stem in less than this time period). The plants were then removed from the dye solution, and the first four leaves were removed. Sections 2 mm long were excised at 13, 25 and 35 mm from the base of leaf 6. The tissue sections were quickly submerged in Tissue-Tek (Miles Co., Elkhart, IN, USA) and then frozen on dry ice. The frozen tissue was sectioned using a Reichert-Jung freezing microtome to give 10 µm thick sections. The sections were viewed using an Olympus Vanox-T fluorescence microscope (Olympus, Sunnyvale, CA, USA) with exciter filter BP545 (excitation wavelength maximum l 546 nm), barrier filter 0590 and a DM580 dichroic mirror (tritc filter set). To calculate the percentage of functional bundles, the numbers of visible xylem bundles were first counted using bright field microscopy and then using fluorescence microscopy. Bundles that appeared dark under the fluorescence microscope were assumed to be non-functional for transpiration.
Image analysis
Paraffin sections of leaves were photographed with an Olympus Vanox-T photomicroscope using Kodak 2415 technical pan film shot at ASA 50. Negatives were printed at a magnification of i100-200, and prints were digitized using an SII digitizing pad (Seiko Instruments, San Jose, CA 95131, USA) using the Easydij software package (Geocomp Ltd., Golden, CO 80401, USA) to calculate the cross-sectional area of the leaf. Protoxylem and metaxylem diameters were measured (directly from the paraffin sections) using the Galai Scanarray image analysis software (Galai, Migdal Ha'Emek, Israel) with a i40 objective. Protoxylem elements were measured in sections from the growth zone (13 mm), while metaxylem elements (assumed functional after cessation of growth) were measured in sections from 35 mm. The xylem elements were considered circular in cross-section, and a single measurement was taken for each diameter. Two protoxylem and two metaxylem elements were measured in each bundle. The larger protoxylem element in each bundle was averaged per treatment for the graphical display of protoxylem radius, while all measured r and calculated r#, r$ and r% were summed to obtain average values per leaf for comparison to water deposition rates.

Morphology
Some basic morphological features were unchanged by salinity. On both control and salt affected plants, each leaf grew in a spiral form, wrapped within the sheaths of older leaves (Fig. 1a, b) . Viewed from below, leaf 6 could be traced from the inside edge in a counterclockwise spiral, while leaf 7 was wrapped clockwise in a tighter spiral sheet. Growth in width involves propagation of the spiral form during development. This can be seen by examining the cross section of a particular leaf at different ages, or, if growth is approximately steady, a cross section close to the node can be compared to a cross section of older tissue farther from the node. In crosssections taken at 13 mm from the leaf base, leaf 6 is wrapped in approximately 3" # spiral gyres (a ' gyre ' represents one turn of the spiral or 2π radians around the spiral form.) In the more mature sections taken at 35 mm, the spiral has four complete gyres (not shown). The cross-sections taken at 35 mm also show some unrolling of the outermost gyre. This unrolling continues during development, as the leaf will become approximately flat for a period after emergence from the sheathing base.
In a polar coordinate system r, θ the spiral form can be characterized by a parameter, ∆r\∆θ, that gives the change in radius for a particular angular displacement. In the cross sections taken at 13 mm, salt-affected leaves were more tightly wrapped than controls, and ∆r\∆θ is smaller for the salt-affected leaves. This effect is apparent when lines are drawn on the leaf cross section perpendicular to the spiral form (Table 1 ). The tighter spiral form is due partly to the thinner shape of the salt-affected leaves. The greater curvature of the leaf edge is probably also due to a greater cross-sectional growth gradient (Silk & Erickson, 1978) , since the leaf gyres are often well Magnified view using fluorescence microscopy of lateral bundles on the outside edge of sorghum control leaf 6 at 13 mm. The excised shoot had been allowed to transpire an eosin solution, as described in the Materials and Methods section. The protoxylem walls are strongly fluorescent, whereas the metaxylem walls are dark.
separated. Salt-treated leaves had narrower midribs, and smaller leaf width and cross-sectional area than controls (Fig. 1, Table 1 ).
Anatomy
The anatomical study was repeated on two sets of five plants per treatment, with similar results. The salt treatment did not affect the number of longitudinal vascular bundles in the leaf growth zone. On most plants, leaf 6 had 13 ' lateral veins ' (terminology of Sharman (1942) (Sharman, 1942) . In the sections from 13 mm, in the rapidly elongating region, each vein had either one large protoxylem vessel or one large and one small protoxylem vessel. Two metaxylem vessels per vein were present as viewed in transverse section (Fig. 1c, d ). The widest xylem elements occurred in the central vein (along the midrib), and width of both protoxylem and metaxylem elements decreased with distance from the midrib (Figs 1, 3) . The sections at 35 mm, in the more mature part of the leaf, often had one protoxylem vessel and an accompanying lacuna as well as two metaxylem elements (not shown). Salinity affected the width of the conducting element. As shown in Fig. 3 , protoxylem cells in the first lateral vein (O1) had a radius of 11n9p2n3 µm in control leaves and 7n5p1n3 µm in salinized leaves ; protoxylem cells in the outer veins (O6) were 6n2p1n6 µm in controls and 5n5p0n8 µm in salt affected leaves. Metaxylem cells were also affected by salinity : Controls had cell radii of 19n2p2n1 and 8n9p1n6 µm in central (M) and peripheral (O6) veins, respectively ; salt-affected leaves had metaxylem radii of 15n1p1n3 and 6n9p0n9 µm in central (M) and peripheral (O6) veins, respectively.
The total cross-sectional area of protoxylem elements in control leaves was approximately twice that of the salt-affected leaves (Table 2) . Since the leaf cross-sectional area was also reduced, the area of protoxylem elements per unit of leaf cross-sectional area was unchanged by the salt treatment ( Table 2) .
Development of xylem in relation to function
In both salt-treated and control plants, the protoxylem was mature at 13 mm from the base of the leaf while the metaxylem was immature (i.e. a lignified secondary wall was absent and cytoplasm was present in metaxylem cells in the actively growing region ; Fig. 1c,d ). At 35 mm from the base of the control leaf, where growth had stopped, there were both mature and immature metaxylem elements with xylem parenchyma cells present among the metaxylem elements (not shown). In salt-affected plants at 35 mm, all the lateral veins had mature metaxylem elements, and the xylem parenchyma cells appeared sclerified. Presumably, water conduction was restricted to the protophloem and protoxylem during leaf elongation ( Fig. 2 ; Paolillo, 1995) .
Eosin is used to visualize the vascular elements associated with water movement in plants (Eichhorn et al., 1986) . In preliminary experiments conducted to validate the use of this dye, we found that the brightest fluorescence due to the eosin was in mature vessel element walls, and we also observed some slight fluorescence in parenchyma cells surrounding the functioning vessels (Fig. 2) . In some instances there was also a small amount of fluorescence associated with the phloem and a smaller amount of fluorescence in parenchyma cells surrounding the phloem. In fluorescent tissue, the eosin fluorescence was observed in both vessels and in neighboring parenchyma cell walls ; whereas in dark tissue, fluorescence appeared neither in vessels nor in parenchyma cells. This supports the interpretation of eosin fluorescence as evidence of water-conducting ability.
According to our dye-transport studies, most of the lateral veins in control plants were functional in transporting the dye (Table 2) . By contrast, the dye studies revealed that only about half the lateral veins in the salt-affected leaves were actively conducting.
Transpiration
Water flow was diminished by salinity (Fig. 4) . The flow rate was large and increased rapidly with time in control plants. In salt-affected plants the water flow rate was small, increased slightly and then decreased with time. When plants grown under saline conditions were transferred to control medium, their water-flow rates tripled relative to plants maintained continuously in salt solution (day 18, Fig. 4 ). However, this treatment (saline medium followed by control medium) produced a water flow only 25% of that of controls. In contrast, when plants grown in control solution were transferred to saline solution, they maintained an elevated transpiration rate relative to the salt-grown plants for at least 48 h. The treatment consisting of control medium followed by saline medium reduced the water flow rate to 75% of controls. In absolute rather than relative terms the diminution of the control flow rate by the 2-d salt treatment late in development was similar to the augmentation of the flow rate by the 2-d control treatment late in development, c. 9 g of water per plant per day. These results were probably due to pleiotropic effects of salinity on rate of leaf production, stomatal functioning, and rate of leaf senescence.
The effect of salt on total plant water flow seems most strongly explained by the salt-induced decrease in plant growth (with associated decrease in fresh weight and surface area of leaves). However, salt also affected the leaf-specific flow rates, especially after 16 d of age (Table 2) . Per unit fresh weight of leaves, control plants transpired approx. 15 g g −" d −" days 12-19. Per unit of leaf surface area, this corresponded to transpiration rates in the range 0n20 g cm −# d −" at day 12 to 0n24 g cm −# d −" at day 19 (not shown). In comparison, per unit fresh weight of leaves, salt-treated plants transpired 11 g g −" d −" from day 12 to day 16 corresponding, on a leaf surface area basis, to the range 0n14-0n19 g cm −# d −" . By day 19 there was a large decrease in transpiration rate of salt affected leaves, to 5 g g −" d −" or 0n09 g cm −# d −" . The salt-treated plants appeared senescent (lower leaves yellow and somewhat curled) compared with controls. Beyond the seven-leaf stage, the difference in transpiration rates might be related to a more rapid aging of salt-affected leaves.
Measurements with the diffusion porometer showed salt-induced decreases in leaf conductance. However, the effects of the hydraulic architecture were not obvious (Fig. 5) . Leaves 3 and 4 had lower conductance in salt treatments, even though their xylem was formed before the treatment began. This suggests an effect of salinity on stomatal opening. Leaf 5, measured at full expansion on day 21 (Fig. 5,  bottom) , had a conductance that was not affected by salinity. We observed that the older leaves in the salt-affected plants were somewhat senescent when leaf 5 was maturing (this is suggested also by the transpiration rates in Table 2 ). Presumably a large proportion of the volumetric water flow through the salinized plants was occurring through leaf 5 at day 21. Leaf 6 showed a large effect of salinity on conductance. The expanding control leaf lost water vapor 34% more rapidly, and the mature control leaf 66% more rapidly than the salt treated leaf. Hydraulic architecture might be involved at least indirectly ; and stomatal opening could certainly be involved, as discussed below. Since the relative effect of salt on conductance of leaf 6 was never greater than on that of leaf 4 at day 12 ; and leaf 4 had developed prior to the imposition of the salt stress ; it seems likely that the salt treatment has a large effect on stomatal opening at several stages of leaf development.

Our results show that salt greatly decreases flow of water through the plant. This is apparent from other studies, such as that of Munns & Passioura (1984) of barley and Nicolas et al. (1993) of wheat. The magnitude of the effect on flow rates increases with time or developmental stage for at least 21 d. Physically, the decreased volumetric water flow is mostly explained by the decrease in plant growth rate and associated decrease in leaf surface area. The physiological basis for the effect of salinity on growth rate remains to be determined. The role of hormones such as ABA deserves to be explored (Dodd & Davies, 1996) .
Salinity also produces a decrease in transpiration rate (water flow per unit of leaf mass or surface area) that becomes more marked with plant development. Not surprisingly, this decrease is less than that predicted by Poiseuille's Law that flow rates with similar driving forces should vary as r%. Our anatomical studies show that salinity causes typically a 25% decrease in diameter of the water-conducting elements ; if Poiseuille's Law held, transpiration rates in salt-affected leaves would be reduced to less than one-third of the control values. However, the phase change during the evaporation process in the leaf would be expected to lead to a compensating increase of the water potential gradient to maintain similar flow rates through the narrower vessels. Thus the effect of the increased hydraulic resistance on transpiration and conductance probably occurs indirectly, via a decrease in water potential in the leaves. The salt treatment also produces a direct effect on leaf water relations, as the saline medium has 0n45 M Pa more negative water potential. A more negative water potential in salt-affected leaves could cause stomatal closing, either directly or via hormonal signals. The measured transpiration rates and stomatal conductances could have been affected by stomatal aperture changes.
Other mechanisms might also be operating to change water flows during salt stress. The large decrease in leaf conductance during maturation of leaf 6 under salt treatment might be due to changes in leaf habit. Rolling, curling, or loss of longitudinal curvature would reduce leaf temperature by reducing flux of incident radiation onto the leaf. The lower leaf temperature would reduce the water-vapor concentration in the substomatal cavities and greatly reduce the driving force for water movement out of the leaf.
The literature contains many examples of variation in hydraulic conductivity not explained by xylem anatomy. Schultz & Matthews (1993) found that the conductivity per xylem cross-sectional area increases by an order of magnitude during the period of leaf expansion in grape. Neumann (1987) found pulvinar xylem conductivity decreases four-fold during senescence of bean leaves. In general, a possible explanation for the small effect of xylem diameter on hydraulic conductivity is that the conductivity in mature leaves is affected less by the diameter of xylem elements of the growth zone than by hydraulic bottlenecks -constriction zones in roots, stems or leaf blades. This idea has been explored by Zimmerman & Brown (1971) who found constrictions in xylem elements leading to lateral tree branches, by Richards & Passioura (1989) studying wheat roots, and by Calkin et al. (1986) analysing flow in fern tracheids. Meinzer & Grantz (1990) found convincing evidence for synchrony between stomatal and hydraulic conductance in sugar cane, a plant closely related to sorghum. They believe steady water flow and water potential gradients are regulated by hydraulic bottlenecks. Meinzer et al. (1992) found hydraulic constrictions at nodes, where hydraulic conductivity dropped an order of magnitude relative to internodes, and along the leaf sheath and blade, where hydraulic conductivity dropped another order of magnitude. Thus there is good evidence in the literature to support the hypothesis of at least indirect regulation of hydraulic conductivity by occasional xylem constrictions. It would be interesting to study hydraulic conductivity in conjunction with xylem fine structure to find the effect of salinity on the putative hydraulic bottlenecks of sorghum. Bernstein et al. (1995) used growth data with a continuity equation (Meiri et al., 1992) to calculate local net rates of deposition of water and calcium into the growing tissue of salt-affected and control leaves of sorghum. To explore the functional significance of the salt induced effects on xylem element diameter, we compare the published water deposition rates to the anatomical measurements reported here.
Comparison of anatomical effects to water deposition rates in the growth zone
In contrast to the lack of correlation between transpiration rate and xylem anatomy, it is striking that the water deposition rate in the growth zone varies with the diameter of the functional protoxylem. From the data of Bernstein et al. (1995) we calculate that, in the zone 10n5-22n5 mm from the leaf base (the location of fastest growth rate and near the anatomical section cut at 13 mm), control leaves have approx. 3n9 times the water deposition rate of salt-affected leaves. The sum of the radii of our protoxylem elements in control leaves is 1n6 times the sum of the radii of the protoxylem elements in salt-affected leaves. However, fewer of the vascular bundles in the stressed leaves are conducting (Table  2) . Thus the vein circumference (conducting water to the expanding cells) of control leaves is 2n8 times that in salt-affected leaves. We see that, when the percentage of actively conducting veins is taken into account, it seems that the best fit power dependence that could be proposed is to the cross-sectional area, or r#, of the functional protoxylem. Control leaves have 3n9 times the functional protoxylem area of the salt-affected leaves ( Table 2 ). The ratios for r$ and r% are, respectively, 5n8 and 9n0. Apparently, water deposition rate is correlated to r#, the square of the protoxylem radius.
Canny and colleagues have modelled water flow in plants as a tension driven flow through a set of leaky pipes. Their model suggests that the radial transfer rate of water per unit length of xylem should be proportional to the circumference, i.e. the first power of the element radius (Altus et al., 1985 ; Canny, 1991) . Our ' water deposition rate ' is equivalent to their radial transfer rate. Thus we look for a dependence of water deposition rate on the radius of the protoxylem element. The r# dependence of the water deposition rate is more sensitive to xylem radius than the prediction of the leaky pipe model. A possible explanation for the discrepancy is that the wider interveinal spacing in the control tissue creates a larger radial gradient in water potential. That is, the larger control leaves may have a greater driving force, as well as greater absorptive surface, for water extraction from veins into growing leaf cells. Nonami & Boyer (1993) and Silk and colleagues (Silk & Wagner, 1980 ; Silk, 1994) have discussed the importance of such growth-sustaining water potentials. This interpretation seems consistent with some recent results of Martre et al. (2000) who measured both water deposition rate and xylem radius through the growth zone of cultivated fescue leaves. They found that within a particular leaf the growth-associated water deposition rate was directly proportional to the local xylem radius throughout the growth zone. This is consistent with the leaky pipe model and also with the idea that the first power dependence (of water deposition rate on xylem radius) requires equal spacing of veins.
Our results provide strong support for the hypothesis that hydraulic architecture is correlated with the water deposition rates associated with leaf growth. Future work could include detailed characterization of anatomical fine structure, measurement of cell lengths and the hydraulic properties of interelement connections, and more physiological studies to measure fluxes and hydraulic conductivity of the growth zone under various environmental conditions. Our data suggest the need for a com-
